Anthropogenic environments are a dominant feature of the modern world; therefore, understanding which traits allow animals to succeed in these urban environments is especially important. Overall, generalist species are thought to be most successful in urban environments, with better general cognition and less neophobia as suggested critical traits. It is less clear, however, which traits would be favoured in urban environments in highly specialized species. Here, we compared highly specialized food-caching mountain chickadees living in an urban environment (Reno, NV, USA) with those living in their natural environment to investigate what makes this species successful in the city. Using a 'common garden' paradigm, we found that urban mountain chickadees tended to explore a novel environment faster and moved more frequently, were better at novel problem-solving, had better long-term spatial memory retention and had a larger telencephalon volume compared with forest chickadees. There were no significant differences between urban and forest chickadees in neophobia, food-caching rates, spatial memory acquisition, hippocampus volume, or the total number of hippocampal neurons. Our results partially support the idea that some traits associated with behavioural flexibility and innovation are associated with successful establishment in urban environments, but differences in long-term spatial memory retention suggest that even this trait specialized for food-caching may be advantageous. Our results highlight the importance of environmental context, species biology, and temporal aspects of invasion in understanding how urban environments are associated with behavioural and cognitive phenotypes and suggest that there is likely no one suite of traits that makes urban animals successful.
Introduction
In a world subjected to ever-increasing anthropogenic activity, many organisms must contend with urbanization. Identifying phenotypes that allow animals to be successful in urban environments is vital for understanding how animals will adapt, flexibly change, or perish in the face of anthropogenic alterations. Many studies have addressed what makes animals successful in urban environments, focusing on traits such as ecology [1] [2] [3] , physiology [4] [5] [6] [7] [8] [9] [10] , commonness of the species in their native habitat [1, 11] , brain size [2, 3, [12] [13] [14] [15] , cognition [16] [17] [18] [19] [20] [21] , and behaviour [2, 4, 8, 17, [21] [22] [23] [24] . As urban environments are especially novel compared with natural environments and are characterized by an abundance of novel stimuli and food resources, certain behavioural and cognitive traits may be especially important for successful urban invasion and dwelling [20] . It has been suggested that individuals with behavioural traits that are often associated with bold behavioural profiles (e.g. fast novel environment exploration and reduced response to novel stimuli) will be most successful in initially invading urban environments [4, 8, 20] , but over time, these traits may be lost in more established urban populations [8] . Loss of traits associated with initial invasion in established populations may, in part, explain equivocal results of research on neophobia in urban populations (e.g. [21, 22, [25] [26] [27] ). Furthermore, cognitive traits associated with behavioural flexibility and innovation (e.g. large overall brain size and faster & 2017 The Author(s) Published by the Royal Society. All rights reserved.
novel problem-solving) are also thought to increase success in urban environments [13, 14, 16, 18, 20, 21, 28] . Overall, most research has focused on generalist species, which are most common in the cities, yet it is unclear whether and how highly specialized species can be successful in urban environments.
Mountain chickadees (Poecile gambeli) are a resident, specialized food-caching species that inhabit the coniferous forests of western North America [29] . They have recently (within the last 25 years according to local bird watchers and historic ebird.org records) invaded the city of Reno, NV and appear to represent a breeding population (DYK and VVP, personal observation, spring 2013). Food-caching chickadees are pine seed specialists in the winter. They use cached food and recovery of cached food via spatial memory to survive [30] [31] [32] [33] ; therefore, urban environments present unique challenges to specialized chickadees compared with generalist species [2, 3] . The city of Reno has few native coniferous tree species (the preferred food and caching resource of mountain chickadees) and urban centres are characterized by an abundance of supplemental food sources from baited feeders. As a result, it is possible that urban-dwelling relaxes the demands for food-caching and accompanying spatial memory in urban chickadees, while increasing the need for generalist traits often thought to be important in urban environments.
Here, we investigated whether mountain chickadees inhabiting urban environments (urban) differ from chickadees inhabiting their natural environment (forest) in behaviours that are thought to be necessary for initial urban invasion and successful urban dwelling. Specifically, we predicted that mountain chickadees from urban environments should explore a novel environment faster and be more active, should be less neophobic and better novel problem-solvers, should cache less food and have worse spatial memory acquisition and retention associated with a smaller hippocampus, but should have a larger telencephalon (a measure that is highly correlated to overall brain size in chickadees [31, 34] ) compared with forest chickadees.
Material and methods (a) Study subjects and capture sites
Starting in late October and concluding in early November 2014, 13 mountain chickadees were captured from five locations around the city of Reno, NV (all birds were caught between approximately 1 375 and 1 525 m in elevation (mean elevation-1 444); mean urbanization score ¼ 1.68 based on the semiautomated scoring program detailed in [35] ; see electronic supplementary material, table S1) using both mistnets at established feeders and baited Potter traps. These locations included a park in the downtown core near the University of Nevada, Reno (four birds) and from volunteers' backyards in South (two birds), North (three birds), and Southwest Reno (four birds) neighbourhoods. In early November 2014, 12 birds were captured using mistnets surrounding established feeders from low elevation coniferous forest (all birds were caught at the same approx. 1 900 m in elevation; the same site as low elevation in our previous studies [36] [37] [38] ; mean urbanization score ¼ 22.55; electronic supplementary material, table S1) at Sagehen Experimental Forest near Truckee, CA, USA. Upon capture, birds were transported to our laboratory at the University of Nevada, Reno where they were colour banded, weighed, and measured. Birds were housed individually in visually but not acoustically isolated cages (42 Â 60 Â 60 cm). Cage order was alternated, so that birds from the same site were never in adjacent cages. Prior to any testing, birds were habituated to laboratory conditions for at least two weeks with a white sheet covering their cages and an additional week without the sheet. Birds were fed a mixed diet of sunflower seeds, pine seeds, crushed peanuts, mealworms, and insect pate and kept on a 9 L : 15 D schedule approximating Reno's shortest winter photoperiod. Two additional birds were brought into the laboratory in early January 2015. These chickadees were habituated and tested in an identical fashion to all previously captured birds. Overall, our samples had nine males and three females from the urban environment and 10 males and three females from forest environments. We were unable to identify the sex of two birds (these were excluded from any analyses where sex was significant).
(b) Behavioural experiments
All behavioural experiments were conducted in our laboratory using our standard laboratory set-up and testing room ( [36, 37, 39] ; see electronic supplementary material, figure S1 for testing room photograph). Novel environment and exploration [37] , response to novelty [36, 40] , caching rates, one-trial and repeatedtrial spatial associative learning [39] , and problem-solving [36] all followed our standard laboratory protocols (see details in the electronic supplementary material, Methods). Brain histology was also conducted using our laboratory's standard protocols ( [39, 41, 42] ; see electronic supplementary material, Methods) (c) Statistical analysis STATISTICA computational software was used for all analyses. All behavioural and brain data analyses used t-tests and repeatedmeasures general linear models (rmGLM) and GLMs without repeated measures. All GLMs initially included sex as a predictor, but sex was always removed if it was non-significant. Data that did not meet normality assumptions were log-transformed. To test for potential elevation effects within the urban environment (birds were collected from different elevations only in the urban environment), regressions were run within the city for each response variable.
Results (a) Behavioural experiments (i) Novel environment exploration
There was no significant difference between forest and urban birds in the number of substrates visited across the first 10 min of exploring the testing room (rmGLM, F 1,25 ¼ 0.42, p ¼ 0.52; electronic supplementary material, figure S2 ) and the interaction between time interval and site was not significant (F 14,350 ¼ 0.09, p ¼ 0.99). When analysing the first 2 min of exploration, there was a non-significant trend for urban chickadees to land on more novel substrates (t-test t 25 ¼ 1.78, p ¼ 0.09; electronic supplementary material, figure S2 ). There was a significant difference between forest and urban birds in the number of flights (rmGLM, F 1,25 ¼ 13.02, p ¼ 0.001; figure 1 ). The interaction between time block and site for the number of flights was also significant (F 14,350 ¼ 9.59, p , 0.001) with urban chickadees flying significantly more than forest chickadees from the 8 min time block through the end of the trials (Fisher's least significant difference: all p's , 0.05).
(ii) Response to novelty 
(iii) Problem-solving
Both urban and forest chickadees interacted with the testing apparatus within the first 2 min of the first trial with no differences between the groups (t 23 ¼ 0.12, p ¼ 0.9). Urban chickadees solved the novel problem for the first time in significantly fewer trials than forest chickadees (log-transformed; t 23 ¼ 2.31, p ¼ 0.03; electronic supplementary material, table S2). All forest and urban birds solved the problem a second time in just one trial.
(iv) Caching rates
No significant differences were found between forest and urban chickadees for the mean caching rates (t 25 (v) One-trial associative learning task There were no significant differences between urban and forest chickadees in the mean number of errors during the onetrial associative learning task (t 19 
(vi) Repeated associative learning task
Chickadees from both urban and forest environments did not differ significantly in the number of errors during the first five trials of the repeated associative learning task (rmGLM, figure 2 ) and there was no significant interaction between trial and origin of birds (F 1,23 ¼ 1.11, p ¼ 0.35). Chickadees did, however, significantly improve from one trial to the next (F 4,92 ¼ 3.70, p ¼ 0.0078; figure 2 ). The origin of birds was not a significant predictor when memory performance was compared during the 9th and 10th (e.g. long-term) trials (F 1,21 ¼ 1.03, p ¼ 0.32), but there was a significant interaction between trial number and bird origin (F 1,21 ¼ 4.88, p ¼ 0.04; figure 2 ). The number of errors during the 10th trial after the long-term retention interval was significantly lower for the urban birds (F 1,21 ¼ 10.14, p ¼ 0.004) showing better memory retention. Planned comparisons additionally showed the number of errors for the urban birds was not significantly different between the 9th and 10th (long-term) trials ( p ¼ 0.5), while the number of errors for forest chickadees was significantly higher after the longterm retention interval (e.g. difference between trial 9 and 10; p ¼ 0.001). There were no significant differences between the forest and the urban chickadees in the number of errors during trial 9 preceding the long-term retention interval ( p ¼ 0.6), but forest chickadees inspected significantly more incorrect cache sites than urban chickadees during trial 10 following the long-term retention interval ( p ¼ 0.01).
(vii) Brain morphology
Bird's origin was not a significant predictor for telencephalon volume (GLM, F 1,21 ¼ 0.012, p ¼ 0.91); however, there was a significant difference between males and females (F 1,21 ¼ 7.60, p ¼ 0.01) and the interaction between bird's origin and sex was also statistically significant (F 1,21 ¼ 6.70, p ¼ 0.02; figure 3 ). Including body mass in the model as a covariate did not change the results (bird's origin:
) and the effect of body mass was not significant (F 1,19 ¼ 0.85, p ¼ 0.37). Urban males had significantly larger telencephalon volume than forest males ( p ¼ 0.02) and females from either environment (urban females: p ¼ 0.001; forest females: p ¼ 0.05); however, there were no significant differences between urban and forest females ( p ¼ 0.14), urban males and forest females ( p ¼ 0.08), or forest males and forest females ( p ¼ 0.91; figure 3 ). When just analysing males, the results remained highly significant, with urban males having significantly larger telencephalon volume than forest males (t 19 ¼ 2.75, p ¼ 0.01). Owing to much smaller sample sizes, females were not analysed separately.
There were no significant differences between urban and forest chickadees in the hippocampus volume, either relative to telencephalon volume or just raw hippocampus volume 
(viii) Potential effects of elevation
There were no significant relationships associated with variation in elevation within the city and the first 2 min of flight activity in a novel environment, the latency to take a waxworm from the novel feeder, the (log-transformed) number of trials to solve a novel problem, the rate of food-caching, false caching and re-caching, the number of errors made during a one-trial spatial memory acquisition task, or the number of errors made during a long-term spatial memory retention task, or any of the brain measurements (all p's . 0.09; electronic supplementary material, table S3). The number of substrates visited during the first 2 min of the novel environment was positively associated with elevation ( p ¼ 0.003; electronic supplementary material, table S3).
Discussion
We found that specialized food-caching mountain chickadees inhabiting the urban environment of Reno, NV, possessed several generalist behavioural and cognitive traits thought to increase success in urban environments, while also being better at some specialized cognitive traits. Urban chickadees had a slight tendency to explore a novel environment faster while also exhibiting higher movement rates, solved a novel problem faster, and had a larger telencephalon compared with forest chickadees, albeit the last result being specific only to males. Additionally, urban chickadees false cached more, tended to re-cache more, and showed significantly better spatial memory retention compared with forest chickadees. On the other hand, there were no significant differences between urban and forest chickadees in neophobia, foodcaching rates, spatial memory acquisition, hippocampus volume, or the total number of hippocampal neurons.
Succeeding in highly novel urban environments is not trivial for animals adapted to their natural environment. Urban environments are substantially different compared with natural ones and are characterized by a tremendous amount of novel stimuli. As a result, it has been suggested that bold personality traits such as the ability to rapidly explore a novel environment and reduced neophobia are critical for successful invasion into urban environments [4, 8, 20] . Our results provided only partial support for this idea; urban chickadees had a slight tendency to be faster explorers, but we found no evidence that they were less neophobic. Neophobia and exploration have been suggested to form a behavioural syndrome [4, 43] , but our results combined with our previous data comparing chickadees from two elevation extremes [36, 37] suggest that these two traits might be independent, at least in mountain chickadees. Interestingly, it has been suggested that boldness and aggression are also independent in urban song sparrows [24] , suggesting that behavioural syndromes may not be stable across different environments.
Our results showing no reduced neophobia in an urban environment are not unique as previous studies have yielded equivocal results [21,22,25 -27] . One possible reason for such inconsistency might be because different studies tested animals at different stages of invasion and establishment in urban environments. It has been suggested that faster exploration and reduced neophobia may only be beneficial during the early stages of invading an urban environment, but may be lost as animals become established [8] and learn that some of the novel stimuli may be associated with increased risk, which may favour an increase in neophobia. This idea, however, does not seem to be consistent with our data, as mountain chickadees appear to be relatively new invaders to the city of Reno (according to local bird watchers and historic ebird.org data), so it is unlikely that these traits have changed over such a short period of time. However, it remains unclear which traits may represent necessary traits for initial invasion and which traits can be expected to change as a result of establishment, especially within the confines of this study. Population-level, longitudinal experiments at different stages of invasion may provide valuable data on this hypothesis and the temporal scale of such phenotypic changes. Another plausible explanation for these equivocal results is that these traits are highly dependent on the specific species ecology and life history as well as the specific urban environment in question. Studies addressing sister taxa with unique ecology or life history and studies of intraspecific populations inhabiting different urban environments are necessary to address these possibilities.
Once initial invasion has occurred, animals must contend with unique challenges presented by urban environments. Generalist species have been suggested to be more likely to succeed in urban environments [2, 3] . Increased behavioural flexibility, enhanced innovation (as measured by problemsolving; sensu [44, 45] ), and a larger brain (associated with the aforementioned traits; [46] ) are thought to benefit generalists by allowing them to be flexible in the face of new challenges and by allowing access to otherwise inaccessible resources in novel urban environments [16, 18, 20, 21, 47, 48] . Indeed, in our study, we found that urban chickadees were better at novel problem-solving and had larger brains (e.g. telencephalon volume) than forest chickadees. The fact that all birds that solved the problem the first time, regardless of the bird's origin, solved the novel problem a second time in just one trial clearly demonstrates that learning did occur. Interestingly, we found that larger brain size in urban chickadees was only evident in males, but not females. It is not clear why females might have smaller brains; however, our sample sizes for males were much larger than that for females (19 males and six females, with only three females per group) and such small sample sizes for females may potentially provide spurious results.
Mountain chickadees are thought to rely heavily on food caches and on spatial memory used to recover those caches to survive [30] [31] [32] [33] . Considering the abundance of supplemental food and the lack of native pine seeds in the city of Reno, we expected urban chickadees to have reduced caching rates and worse spatial memory acquisition and retention. By contrast, we found no significant difference between urban and forest chickadees in caching rates and spatial memory acquisition. While it remains possible that urban chickadees rely on their caches and spatial memory as much as forest chickadees, other explanations are also plausible. First, it is possible that the invasion of Reno by chickadees was so recent that caching and spatial memory have yet to be altered by the demands of Reno's urban environment and that chickadees that moved to Reno were not inferior in food-caching propensity and spatial memory ability. Second, there are likely no disadvantages to caching in an urban environment and if birds moving to the city are not different than forest birds in these abilities, there may not be strong selection against food-caching and spatial memory.
Most surprisingly and in contrast with our expectations, urban mountain chickadees showed better spatial memory retention compared with their forest counterparts. Interestingly, chickadees from harsher, high elevations (not used in this study) also exhibited better memory retention compared with the lower elevation chickadees [39] from the same site used in this study. These findings suggest that urban conditions may be harsh in some respects or that longer memory retention in urban and harsh environments may be favoured by different demands. Considering that supplemental food at baited feeders is likely the main food source for urban chickadees during the winter and that such feeders are likely permanent but widely spaced, retaining memory of these distanced permanent feeders might be highly beneficial.
Urban chickadees false cached more and had a tendency to re-cache more than their forest counterparts. False and re-caching are strategies that may help prevent cache pilferage via the spread of misinformation [49] . Compared with the natural chickadee environment, the number and density of chickadees appear lower in the city of Reno (DYK and VVP, personal observation; autumn 2013-autumn 2014). Hence it is likely that the number of other potential competitors for caches is higher in the city, especially during the crucial winter months and therefore, urban chickadees might engage in more cache protection.
Overall, urban chickadees appear to be more similar to chickadees from harsher, higher elevations in some traits while more similar to the lower elevation chickadees that surround the city in other traits. Urban and high elevation chickadees are both faster novel problem-solvers ( [36] and this study) and have longer spatial memory retention compared with low elevation chickadees. On the other hand, urban chickadees had a (non-significant) tendency to explore more during the first 2 min of novel environment exploration and had significantly higher movement activity in the novel environment compared with low elevation chickadees, which, in turn are also faster explorers than high elevation chickadees [37] . At the same time, urban chickadees were similar to low elevation chickadees in food-caching propensity, spatial memory acquisition, and hippocampal morphology, while chickadees from harsher, high elevations cache significantly more, have better spatial memory acquisition and a larger hippocampus [39] . The similarities and differences between these three environments highlight the need to understand specific environmentally mediated abiotic and biotic factors associated with each of these traits and could be a fruitful avenue for future work.
It is important to note that the city of Reno is at a lower elevation than our low elevation forest site (375-525 m difference). Owing to Reno's geography, it was impossible to choose urban sites that precisely matched the elevation of forest sites, and therefore, it remains feasible that elevation-related factors might be contributing to some of our results. If we assume that any effects found in the city were mainly due to lower elevation, based on our previous work [36, 39] , we would predict that city birds should (i) explore a novel environment faster, (ii) be more active in a novel environment, (iii) be no different in neophobia, (iv) be slower at novel problem-solving, (v) cache less food, (vi) have worse spatial memory acquisition and long-term retention, (vii) be no different in overall brain size, but (viii) have a smaller hippocampus volume and smaller total number of hippocampal neurons. Our results were inconsistent with these predictions for five of the eight experiments (the other three having the same predictions under both hypotheses; see below). By contrast, we found that urban birds were faster at novel problem-solving, had better long-term spatial memory retention and had larger overall brain size compared with forest birds. Our findings that there were no significant differences between urban and forest chickadees in food-caching rates, spatial memory acquisition as well as in hippocampus volume and total number of neurons were also inconsistent with elevation-based predictions. Some of the predictions based on the urbanization hypothesis were indeed the same as those based on the elevation hypothesis-reduction in caching rates, worse spatial memory, smaller hippocampus, faster and more active novel environment exploration, yet the results were inconsistent with these predictions with the exception of exploration. These findings, however unexpected under the urbanization hypothesis, when combined with significant differences in spatial memory retention suggest that memory and food-caching may be more important in urban environments than anticipated.
To explore the potential elevation effects further, we additionally tested whether variation in elevation was associated with differences in any of our phenotypic measures within the urban environment. All forest birds were collected from the same elevation precluding such finer-scale analyses. In urban chickadees, with the exception of the first 2 min of novel environment exploration, no significant elevation-related associations were detected. Urban chickadees from higher elevations within the city were faster explorers, which is opposite to what would be expected based simply on elevation [37] . Such findings lend further support that the differences detected are not likely based on elevation itself. The general inconsistency of our results with the elevation hypothesis is in line with the idea that major climate-related elevation shifts (e.g. snow storms, lower temperature) occur above approximately 2 100 m in elevation [50] .
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162613 Overall, our results provide a mix of support and opposition for the main predictions made under the urbanization hypothesis. It is plausible that such mixed results are, in part, due to a combination of local adaptation and gene flow. While we do not have specific data on gene flow between forest and urban elevations, it is likely occurring [51] . An influx of immigrants may wash out some potential local adaptations associated with urban habitats, while other local adaptations may persist as a result of stronger selection. Yet, in our case, we do see differences in some traits (e.g. brain size, problem-solving, memory retention), suggesting that these traits might be more critical for urban living. Alternatively, behavioural plasticity might be responsible for some of the mixed results, with urban chickadees adjusting a few advantageous behaviours to more successfully inhabit the novel urban environment. A third possibility is that some of the predictions associated with success in urban environments are at best reliant upon specific environmental context or at worst completely unfounded. The aforementioned equivocality of results for neophobia is one such example. Another example, is that food-caching might still be important in urban environments as some supplemental food may be absent during extended periods when people are not replenishing the food in their feeders.
In this study, urban and forest chickadees were brought into a 'common garden' laboratory setting to test for potential differences independent of immediate environmental conditions. Nonetheless, such design does not allow us to unambiguously determine whether any detected differences are due to potential differences in development, previous environmentally induced behavioural plasticity, or produced by natural selection. Variation in at least some of these traits have been suggested to be due to behavioural plasticity (e.g. problem-solving; [52, 53] ), while variation in other traits have been hypothesized to be produced by selection (e.g. caching propensity and spatial memory: [30, 32] ; novel environment exploration: [54] ; neophobia: [22] ). The mixed results obtained in this study suggest that urban ecologists should carefully consider the relative roles of isolation, local adaptation, behavioural plasticity, specific urban features, and predictions associated with given urban environments.
Our data also pose the question of whether urban environments are 'harsh environments' as previously suggested (e.g. [13] ). While there is little doubt that urban environments are novel and likely less predictable than forest habitats [13] , the abundance of stable supplemental food resources suggests that at least in some regards urban environments may be less harsh than natural habitats, especially during the winter. Caution should be taken when qualitatively labelling an environment harsh and careful operationalization of the term 'harsh' is necessary. Indeed, it may be detrimental to lump novelty with unpredictability and harshness when addressing how environments might favour different behavioural and cognitive phenotypes.
Overall, our results show that highly specialized species can be successful in invading novel urban environments and suggest that such success might be associated with some generalist traits (e.g. flexibility and innovation, larger brain size) and some specialists traits (spatial memory retention). More generally, our results suggest that there might not be a single trait or a suite of traits that predicts success of any species in urban environments and that different species might benefit from different traits depending on their natural history and specific novel environment context.
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